In mammals, the major pacemaker controlling circadian rhythmicity is located in the hypothalamic suprachiasmatic nuclei. Although there is evidence for the presence of a hypothalamic circadian oscillator in birds from lesioning studies, neuroanatomical, neurochemical and functional investigations have failed to identify its exact location. Two cell groups in the avian hypothalamus have been shown to bear characteristics of the mammalian suprachiasmatic nucleus: the suprachiasmatic nucleus and the lateral hypothalamic retinorecipient nucleus. We cloned an avian period homologue (pPer2) and investigated the temporal and spatial expression pattern of this gene in the house sparrow hypothalamus using in situ hybridization. Applying quantitative morphometry, we found rhythmic expression of pPer2 during light±dark as well as in constant conditions in the suprachiasmatic nucleus and in the lateral hypothalamus. The temporal and spatial distribution of pPer2 expression in the suprachiasmatic nucleus suggest a longitudinal compartmentalization of the nucleus with period gene expression being initiated in the most rostral portion of the suprachiasmatic nucleus before lights on. In the lateral hypothalamus, phasing of pPer2-rhythmicity appeared different from the suprachiasmatic nucleus. The major difference between light±dark and constant conditions was a decrease in the amplitude of pPer2 rhythmicity in the suprachiasmatic nucleus. Our data demonstrate that, unlike in mammals, Per gene expression in the suprachiasmatic hypothalamus of the house sparrow is not con®ned to a single cell group, indicating a more complex organization of the circadian oscillator in the hypothalamus of birds.
Introduction
Organisms time behavioural and physiological processes by synchronizing them with periodically changing environmental factors such as the light±dark (LD) cycle (Pittendrigh, 1993) . When organisms are transferred to constant conditions, i.e. an environment devoid of any external timing cues, their daily routines are maintained with a period close to 24 h (Aschoff, 1960) demonstrating the presence of endogenous circadian clocks. In vertebrates, three central nervous structures have been identi®ed as containing autonomous oscillators that are involved in the regulation of circadian rhythmicity: the retina; the pineal gland; and the hypothalamus (e.g. Menaker et al., 1997) . The relative contribution of these oscillators to the functioning of the circadian system as a whole varies among vertebrate species. In mammals, the hypothalamic oscillator plays a major role in circadian pacemaking. It is located in a paired cell group in the hypothalamus, the suprachiasmatic nucleus (SCN) (for recent reviews see: Ibata et al., 1999; van Esseveldt et al., 2000) .
In birds, van Tienhoven & Juhasz (1962) initially described a paired nucleus adjacent to the base of the third ventricle directly above the optic chiasm, anatomically equivalent to the mammalian SCN (Crosby & Showers, 1969) . Since then, this nucleus, which we will refer to as the SCN, has been variably termed SCN (Hartwig, 1974) , supraoptic nucleus (Ebihara et al., 1987) , periventricular preoptic nucleus (Cassone & Moore, 1987) medial hypothalamic nucleus (Norgren & Silver, 1989) , medial hypothalamic retinorecipient nucleus (Shimizu et al., 1994) or medial SCN (King & Follett, 1997) . To detect possible similarities with the mammalian SCN, retinal input to the avian suprachiasmatic hypothalamus has been examined in several species showing variable results in the SCN (Hartwig, 1974; Cassone & Moore, 1987; Norgren & Silver, 1989; Shimizu et al., 1994) . A substantial number of retinal projections were found in a small nucleus located in the lateral hypothalamus, which has been called zone 3 (Meier, 1973) , supraoptic nucleus (Ebihara & Kawamura, 1981) , SCN (Gamlin et al., 1982) , lateral hypothalamus (Ehrlich & Mark, 1984) , visual SCN (Cassone & Moore, 1987) or lateral hypothalamic retinorecipient nucleus (Norgren & Silver, 1989) . In the following we shall refer to this nucleus as the lateral hypothalamic retinorecipient nucleus (LHRN). The avian SCN and LHRN have also been studied regarding the distribution of neuropeptides but the results were too inconclusive to assign a circadian oscillator function to either of them (Panzica, 1985; Cassone & Moore, 1987; Norgren & Silver, 1990) . Additionally, neither investigations of immediate early gene expression (King & Follett, 1997) , measurements of metabolic activity (Cassone, 1988) nor lesioning studies (Takahashi & Menaker, 1982; Ebihara et al., 1987) were able to reveal whether the SCN or the lateral hypothalamus contains the avian hypothalamic circadian oscillator.
The discovery of genes that are directly associated with clock function has lead to a great progress in our understanding of the basic molecular mechanisms of circadian oscillations. For example, three different homologues (Per1, Per2 and Per3) of the Drosophila period gene (Reddy et al., 1984; Bargiello et al., 1984) have been described in several mammalian species (Albrecht et al., 1997b; Sun et al., 1997; Tei et al., 1997; Takumi et al., 1998; Zylka et al., 1998) . In the mouse, the expression of mPer1 and mPer2 show circadian rhythms within the SCN being controlled by an autoregulatory transcriptional feedback loop (Hastings & Maywood, 2000) . Mice lacking the functional gene product of mPer1 and mPer2, become arrhythmic in constant conditions, indicating that both genes are crucial for circadian function (Zheng et al., 1999 (Zheng et al., , 2001 .
Recently, the ®rst avian homologues of Per2 were cloned in Japanese quail (Coturnix coturnix japonica; Yoshimura et al., 2000) , chicken (Gallus domesticus; Doi et al., 2001 ) and house sparrow (Passer domesticus; Brandsta Ètter et al., 2001) . Circadian expression of Per2 was found within the retina and the pineal gland, two well known circadian clocks in birds (Yoshimura et al., 2000; Doi et al., 2001) . Additionally, a diurnal rhythm of Per2 expression was demonstrated in two cell groups in the hypothalamus of the house sparrow . In the present study, we examined whether the rhythmic expression of pPer2 in the SCN and in the lateral hypothalamus of the house sparrow persists in constant conditions, as predicted if these regions indeed contained circadian oscillators. Our method was to determine the relative pPer2 RNA abundance within the SCN and in the lateral hypothalamus by quantitatively analysing in situ hybridizations performed with pPer2 antisense probes on brain sections sampled at four different time points during a LD cycle and during constant dim light.
Materials and methods

Animals and housing
Sixteen wild-caught adult male house sparrows were kept in cages situated in light-and sound-proof wooden boxes at constant room temperature. Food (chick starter mash) and water were provided ad libitum. Hopping and feeding activities were recorded through perches connected to microswitches and infrared beams at the opening of the feeders. All house sparrows were exposed to a LD cycle with 12 h of bright light (85 lux) and 12 h of dim light (0.03 lux) for at least 2 weeks before the experiments to ensure that the activity rhythms of the birds were fully synchronized with the external Zeitgeber. Following synchronization, one house sparrow was killed and perfused at each of four different Zeitgeber (ZT) times during the LD cycle (group LD1) at: ZT6 (middle of day); ZT12 (shortly before lights off); ZT 18 (middle of night); and ZT24 (shortly before lights on). To test for reproducibility, a second series of four house sparrows were perfused at the same time points (group LD2). The remaining eight birds were released into constant dim light (DD) and a series of four birds (group DD1) were perfused at circadian time (CT) 6, CT12, CT18 and CT24 during the third cycle in constant conditions. Circadian times were speci®ed as projected Zeitgeber times as activity onsets, as well as offsets, of house sparrows following synchronization with a LD schedule of 12 h light : 12 h dark show an average deviation of no more than 0.4 h after 3 days in DD (R. Brandsta Ètter and A. Sidiq, unpublished data). Brain sampling at CT24, CT6, CT12 and CT18 was carried out 60, 66, 72 and 78 h after the last`lights off', respectively. Similar to the situation in LD, a second series of four house sparrows were perfused at the same time points during the third cycle in DD (group DD2).
Activity recording
Hopping and feeding activities were recorded and actograms used to assess synchronization with the Zeitgeber . All birds included in the experiment were fully synchronized with the LD cycle.
Perfusion and preparation of the brains
House sparrows received a lethal dose of 10% ketamine hydrochloride (Sano®-Ceva, Germany) and were transcardially perfused with 100 mL of heparinized (100 U/mL) Hanks' balanced salt solution (Sigma, USA) followed by 120 mL 10% neutral buffered formalin (Sigma). Perfusions at ZT6 and ZT12 were performed under ambient lighting conditions, whereas those at ZT18, ZT24 and during constant dim light were performed under dim red light with the entire head of the bird covered with a black cloth. Brains were removed and post®xed for 6 h in 10% neutral buffered formalin at 4°C. Following post®xation, brains were dehydrated in ethanol and embedded in paraf®n. Brains were cut in serial coronal sections of 7 mm, mounted on slides and dried on a heating plate at 45°C overnight.
RNA±RNA in situ hybridization
Four in situ hybridizations with 24 slides each (six slides per brain) covering the four different time points of groups LD1, LD2, DD1 and DD2 were performed following the procedure previously described (Albrecht et al., 1997a; Brandsta Ètter et al., 2001) . After dewaxing the sections RNA sense and antisense probes against the PAS domain of house sparrow Per2 (pPer2, GenBank Accession Number AY007259, Brandsta Ètter et al., 2001) were labelled with UTPaS
35
(1250 Ci/mmol, DuPont NEN, USA). One slide per brain received the sense probe. Hybridization was carried out at 55°C overnight. Stringency washes were performed at 62°C. Sections were exposed to Hyper®lm (Amersham, USA) overnight, subsequently dipped in a Kodak NTB-2 emulsion and exposed for 4±10 days. Following development, the sections were counterstained with Hoechst 33258 dye (Sigma).
Neuron-speci®c immunocytochemistry
Serial cross-sections of house sparrow brains were cut with a cryostat and preincubated with a blocking reagent (CAS-Block, Zytomed, USA). Subsequently, an antibody against neuron-speci®c nuclear protein (mouse anti-NeuN, Chemicon, USA), diluted 1 : 500, was applied to the sections and incubated overnight at room temperature. Thereafter, the sections were washed with phosphate buffered saline (PBS): pH 7.35, and incubated with goat anti-mouse IgG (1 : 75) coupled to the¯uorochrome indocarbocyanin (goat anti-mouse-Cy3, Chemicon, USA) for 90 min in the dark at room temperature. After a ®nal wash in PBS the sections were mounted in Glycergel (Dako, Germany).
Quantitative analysis of in situ hybridization signal
Sections were examined by dark-®eld microscopy to visualize silver grains marking the sites where labelled probe was bound to the tissue and by¯uorescence microscopy to visualize Hoechst-stained tissue. Because the house sparrow SCN is an anatomically heterogeneous structure, the longitudinal extent of the suprachiasmatic hypothalamus was divided into nine consecutive regions according to their distance from the most rostral hypothalamic section to enable a morphometric analysis in well-de®ned regions that could be repro-duced on the basis of anatomical landmarks. Sections of the different brains investigated were matched to these regions with an accuracy of T 3 sections, i.e. T 21 mm.
The density of silver grains is a measure of relative mRNA abundance and, hence, of the strength of gene expression per unit. Dark-®eld images of each section were taken from the right SCN as well as from a region of the cortex adjacent to the second ventricle. To determine the density of silver grains within the SCN, squares of 250 mm 2 were evenly distributed within the anatomical borders of the SCN and the area covered by silver grains within each square determined by Metamorph software (Universal Imaging, USA). To compensate for unspeci®c background staining, densities were measured in the cortex of each section following the same procedure and the resulting values subtracted from the measurements obtained in the SCN. Subsequently, the average silver grain density was determined at three rostrocaudal levels of the SCN of each brain by: (i) calculating the average area covered by silver grains within the individual measurement squares of each single section plane; and (ii), calculating the average values of section planes matched to hypothalamic regions 1±3 (rostral SCN), 4±6 (medial SCN) and 7± 9 (caudal SCN), respectively. Silver grain density measurements in the lateral hypothalamus were performed as described for the SCN. However, slight deviations from the coronal plane may have higher impact on the more lateral parts of the hypothalamus than on the SCN. Consequently, instead of analysing matched sections only, every section containing the LHRN was analysed. The average silver grain densities of all sections derived from the same brain were pooled and the mean was calculated. Values given in the text are mean silver grain densities (T max/min) for LD1, LD2, DD1 and DD2.
Results
Anatomical properties of the suprachiasmatic hypothalamus
The suprachiasmatic nucleus of the house sparrow hypothalamus is characterized by a dense aggregation of nerve cells located ventrolateral to the preoptic nucleus, directly adjacent to the third ventricle ( Fig. 1B) . Its rostral part becomes visible as a small aggregation of nerve cells at the dorsal surface of the optic chiasm at the height of the beginning hypothalamus. It increases in size from rostral to caudal and its medial and caudal parts are morphologically characterized by a central part being composed of densely arranged nerve cells, which is surrounded by less densely aggregated neurons (Fig. 1C) . Lateral to the SCN and medial to the ventro-lateral geniculate nucleus, a further aggregation of nerve cells can be observed. The ventral part of this cell group corresponds to the previously described LHRN (Fig. 1C) . The dorsal portion, a more diffuse aggregation of nerve cells, extends into the lateral hypothalamic area. Neither neuronspeci®c immunocytochemistry nor Hoechst staining provided any evidence of an anatomical separation into two cell groups. Based on its anatomical position we term this cell group the lateral hypothalamic nucleus (LHN).
Quantitative analysis of the in situ hybridization signal in the hypothalamus Hypothalamic pPer2 expression was found in the SCN, the lateral hypothalamic nucleus and the preoptic nucleus (Fig. 1D±F) . Additionally, in situ hybridization signal was detected along the dorsal portion of the ependymal wall of the third ventricle and close to the rostral part of the SCN ( Fig. 1D and E) . Application of the pPer2-sense probe did not produce an in situ hybridization signal in any of these regions.
The pPer2 signal in the preoptic nucleus was rather dispersed whereas strongly aggregated pPer2 expression was found in the ependymal wall of the third ventricle as well as lateral to the rostral SCN ( Fig. 1D and E) . Neither strength nor localization of the signals in the preoptic nucleus, in the ependymal wall and lateral to the rostral SCN appeared to vary with time in LD and DD. Thus, these regions were not included in the quantitative analysis.
The quantitative analysis of pPer2 expression revealed clear patterns of diurnal and circadian rhythmicities in the SCN as well as in the LHN (Figs 2 and 3) . In LD conditions, an average silver grain density ranging from 21.6 T 11.3/27.0% (LD1) to 45.8 T 23.9/ 68.3% (LD2; mean of both LD series = 33.7%) was found in the rostral SCN at ZT24, demonstrating a rather high pPer2 expression level in the SCN before`lights on' (Fig. 2A) . The highest average density of silver grains within the rostral SCN was measured at ZT6 (LD1 77.8 T 68.4/82.7%; LD2 75.5 T 66.8/84.1%; mean LD = 76.6%), whereas that at ZT12 and ZT18 did not exceed 10%. In contrast to the rostral SCN, relative pPer2 mRNA abundance in the medial portion of the SCN (Fig. 2B) , did not exceed background levels at ZT24 (LD1 6.6 T 0.3/13.0%; LD2 1.8 T 0.6/2.9%; mean LD = 4.2%). Similar to the rostral SCN, silver grain density in the medial SCN peaked at ZT6 (LD1 58.7 T 50.0/67.5%; LD2 55.2 T 42.9/66.1%; mean LD = 57.0%), followed by medium to low silver grain density levels at ZT12 (LD1 24.8 T 18.7/31.0%; LD2 6.0 T 2.6/9.5%; mean LD = 15.4%) and a trough at ZT18.
Average silver grain density levels in the caudal SCN were below 10% at all four time points (Fig. 2C) .
In constant conditions (Fig. 2F±K) , the general distribution of silver grain density in the SCN was similar to the situation in LD (Fig. 2F and G) . Levels at CT24 mirrored those in LD (DD1 rostral 23.3 T 11.2/38.6%; DD2 rostral 26.9 T 15.5/44.8%; mean DD rostral = 25.1%; DD1 medial 5.8 T 4.6/7.0%; DD2 medial 4.7 T 0.7/8.9%; mean DD medial = 5.2%), whereas peak densities at CT6 were about 44% lower in the rostral SCN (DD1 32.4 T 22.7/ 42.1%; DD2 53.6 T 52.3/54.9%; mean DD = 43.0%) and about 29% lower in the medial SCN (DD1 40.9 T 29.9/57.7%; DD2 40.1 T 30.2/49.9%; mean DD = 40.5%) as compared with LD. In the caudal SCN, pPer2 mRNA abundance remained below 10% (Fig. 2H) .
The average relative mRNA abundance in the LHN also showed a diurnal, as well as a circadian rhythm (Fig. 3A±D) . In LD (Fig. 3A) , average silver grain densities close to background levels at ZT24 were followed by values ranging from 22.4 T 17.9/30.0% (LD1) to 25.8 T 11.1/55.7% (LD2) (mean LD = 24.1%) at ZT6. Expression of pPer2 peaked at ZT12 (LD1 32.5 T 21.9/48.1%; LD2 33.2 T 32.4/ 33.9%; mean LD = 32.9%) and dropped to levels below 10% at ZT18. In DD (Fig. 3B) , the rhythmicity observed in LD was largely retained, with the only difference that in DD, silver grain densities at CT6 (DD1 47.3 T 22.3/61.6%; DD2 38.5 T 24.3/62.1%; mean DD = 42.9%) were about 20% higher than in LD. Measurements at CT18 and CT24 were close to background levels.
Discussion
Besides speci®c neuroanatomical, neurochemical and physiological features, the mammalian SCN is characterized by circadian expression of certain clock genes, including those of the Per family (e.g. Dunlap, 1999) . Recent cloning of the avian homologue of the Per2 gene in the Japanese quail (Yoshimura et al., 2000) , in the chicken (Doi et al., 2001) and in the house sparrow provides an important molecular tool for localizing structures related to circadian function in birds. In view of what we know about mammals, a hypothalamic structure displaying circadian Per2 expression is likely to be part of the circadian system. From all three Per homologues known to date, Per2 is probably the best suited marker for the circadian oscillator, as in contrast to Per1, rhythmic Per2 expression in the brain is largely con®ned to the SCN (Albrecht et al., 1997b; Takumi et al., 1998) . In variance to mammals, we found rhythmic pPer2 expression in the SCN as well as in the lateral hypothalamus of house sparrows kept in a 12 h light : 12 h dark cycle . The quantitative analysis of pPer2 in situ hybridizations presented in this study demonstrates a temporal and spatial variation of pPer2 expression in the SCN as well as in the lateral hypothalamus in LD and DD conditions. The high similarity of pPer2 expression patterns in LD as compared with DD indicates that . ZT18 is double-plotted for better visualization; original data were obtained at ZT24, ZT6, ZT12 and ZT18. (J) Average relative silver grain density of DD1 and DD2 in the rostral, medial and caudal SCN in DD. CT18 is double-plotted for better visualization; original data were obtained at CT24, CT6, CT12 and CT18. (E and K) Cross-sections through the hypothalamus of a house sparrow at the level of the rostral and medial SCN at four different Zeitgeber times in LD (E) and at four different circadian times in DD (K). Blue, Hoechst-stained cell nuclei; red, in situ hybridization signal: 24, ZT24/CT24; 6, ZT6/CT6; 12, ZT12/CT12; 18, ZT18/CT18. The horizontal bars on top of the cross-sections depict the lighting conditions (LD and DD). Scale bar, 100 mm.
rhythmicity of pPer2 expression in the hypothalamus of the house sparrow is undoubtedly of an endogenous nature, representing the activity of one or several circadian oscillators.
A diurnal rhythm of Per2 expression with peak expression levels at ZT 4 has been shown in the SCN of the Japanese quail (Yoshimura et al., 2001) . Interestingly, Yoshimura et al. (2001) did not describe Per2 expression in the lateral hypothalamus of the Japanese quail, the Java sparrow (Padda oryzivora), the chicken (Gallus gallus domesticus) and the pigeon (Columba livia). Because of different Zeitgeber times investigated (ZT4, ZT12, ZT20) and different lighting conditions (LD, 18 h light : 6 h dark) before brain sampling, their data are not fully comparable with the results of our present study. Another reason for the difference in the localization of Per2 expression might be the fact that behavioural and physiological circadian function of nonpasseriform birds, such as the quail, the chicken and the pigeon, differs from that of passerine birds. As a consequence, they could also differ with regard to hypothalamic circadian organization. For example, in contrast to the house sparrow and the Java sparrow, pinealectomy does not result in behavioural arrythmicity in the quail and the pigeon (Gaston & Menaker, 1968; Ebihara & Kawamura, 1981; Simpson & Follett, 1981; Ebihara et al., 1987) . If these ®ndings were related to different organizations of the hypothalamic circadian oscillator, one would expect a similar hypothalamic organization in the house sparrow and the Java sparrow, which react to pinealectomy in a similar way. As this was not the case, we can assume that methodological differences rather than species-speci®c differences are responsible for the different results obtained from the house sparrow and the Java sparrow.
Our present data demonstrate that the temporal and spatial variation of the pPer2 signal in the SCN under constant conditions was basically the same as in LD, with the difference that the amplitude of the rhythm in DD was reduced. This suggests that the rhythmic output of the putative circadian oscillator within the SCN is attenuated in the absence of an external Zeitgeber such as the LD cycle, a phenomenon that is well known from a variety of circadian oscillators (e.g. Binkley & Geller, 1975; Ralph et al., 1975) and has also been shown for mPer2 expression in the mouse SCN and rPer2 transcript levels in the rat SCN, where rhythm amplitudes were reduced in DD as compared with LD (Takumi et al., 1998; Yan et al., 1999) .
When comparing pPer2 rhythmicity in the house sparrow SCN with the expression of Per genes in the mammalian SCN, its rhythm appears more similar to Per1 than to Per2, or at least`intermediate'; Per1 starts to increase before CT24, peaks at CT4, and declines to lower levels by CT12 (Yan et al., 1999) , whereas the rhythm of Per2 expression is phase-delayed by approximately 4 h (Albrecht et al., 1997b; Takumi et al., 1998; Zheng et al., 1999) .
The spatial variation of pPer2 expression over the course of circadian time indicates a certain compartmentalization of the house sparrow SCN in terms of clock gene expression. Starting before`light on' in LD as well as before subjective`light on' in DD in the most rostral portion of the SCN, pPer2 expression reached its maximum at ZT6/CT6 in the rostral and medial portions of the SCN and subsequently faded away towards the onset of darkness or subjective darkness, in the rostral part of the SCN ®rst, and in the medio-caudal part last. In mammals, studies on clock gene expression have demonstrated that the SCN of rats, mice and hamsters can be divided into two subpopulations of neurons in terms of Per gene expression; a strong autonomous expression with no light response in dorsomedial neurons and a weak autonomous expression with a strong light response in ventrolateral neurons Yan et al., 1999; Yamamoto et al., 2001) . Recently, Hamada et al. compartmentalization. Furthermore, Jagota et al. (2000) recorded two distinct electrophysiological oscillations from horizontal SCN slices of the hamster: a`morning oscillation', which peaks around CT4; and an`evening oscillation', which peaks around CT12. These oscillations could originate either from a single, or from two, different cell populations in the hamster SCN, and it is tempting to speculate that the longitudinal compartmentalization observed in the house sparrow SCN is based on a similar organization.
If rhythmic pPer2 expression under constant conditions re¯ects the activity of a circadian clock, we can assume that both nuclei, the SCN and the LHN, could be involved in circadian function. It is not clear in which ways the two nuclei might interact, or how they ®t into the overall circadian system. Previous studies showed that lesions targeted on the SCN resulted in severe disruptions of circadian activity rhythms in house sparrows (Takahashi & Menaker, 1982) , Java sparrows (Ebihara & Kawamura, 1981) , pigeons (Ebihara et al., 1987) and Japanese quail (Simpson & Follett, 1981) . In Java sparrows, lesions of the LHRN, which is part of the LHN, did not result in behavioural arrhythmicity (Ebihara & Kawamura, 1981) but abolished norepinephrine turnover in the pineal gland of chicken (Cassone et al., 1990) . However, we still lack a ®nal proof that lesions directed against the SCN did not additionally destroy the LHN and vice versa.
In summary, our data can be accommodated with at least three models. First, both the SCN and the LHN might contain independent self-sustained oscillators that regulate pPer2 expression. Second, there might only be one circadian oscillator, either in the SCN or in the LHN, which drives the rhythm in the other nucleus through neuronal pathways or chemical signal transmission. However, whether these two cell groups are able to communicate with each other remains to be established, as neither neuroanatomical nor neurochemical studies have yet revealed any connection between the two nuclei (Cassone & Moore, 1987; Norgren & Silver, 1990) . Third, the pineal gland, which contains a well-characterized autonomous circadian oscillator (Menaker & Zimmerman, 1976; Brandsta Ètter et al., 2000) and which plays a major role in circadian pacemaking in the house sparrow (e.g. Gwinner & Brandsta Ètter, 2001) , could drive circadian oscillations of Per gene expression in either SCN, LHN or both cell groups through rhythmic melatonin secretion. Until now, melatonin binding sites have only been demonstrated in the LHRN, which is a part of the LHN, but not in the SCN (Cassone & Brooks, 1991) . Lu & Cassone (1993) demonstrated that in pinealectomized birds, phasic melatonin administration synchronizes metabolic activity in the LHRN, but not in the SCN.
Although no obvious sign of a diurnal or circadian rhythmicity of pPer2 expression was found until now in the preoptic nucleus, in the dorsal portion of the ependymal wall of the third ventricle, or in the cell population close to the rostral SCN, it cannot be excluded that these structures are also linked to circadian function. Additionally, further parts of the brain that express putative clock genes in birds, such as the cerebellum and the optic tectum (Yoshimura et al., 2000; Bailey et al., 2002) , have to be investigated in more detail in future studies. Nevertheless, in connection with the ongoing discussion about the location of the circadian oscillator in the avian hypothalamus, our study expands current knowledge by demonstrating that, unlike in mammals, Per gene expression in the suprachiasmatic hypothalamus is not con®ned to a single cell group in birds. Rather, our present results indicate a complex organization of the circadian oscillator in the hypothalamus of the house sparrow, such that circadian oscillatory function can be assigned to at least two cell groups, the SCN and the LHN.
